The ternary 70P 2 O 5 -10Li 2 MoO 4 -20Li 2 O and 70P 2 O 5 -10Na 2 MoO 4 -20Na 2 O glasses, prepared by the press-melt quenching technique, were studied at temperatures between 298 and 418 K for their high dc electric field properties. For the above purpose, the effect of a strong electric field on the dc conduction of these amorphous bulk samples was investigated using the gap-type electrode configuration. At low electric fields, the current-voltage (I − V ) characteristics have a linear shape, while at high electric fields (> 10 3 V/cm), bulk samples show nonlinear effects (nonohmic conduction). Current-voltage curves show increasing departure from Ohm's law with increasing current density, leading to critical phenomena at a maximum voltage (threshold voltage), known as switching (switch from a low-conduction state to a higher-conduction state at threshold voltage). The Pool-Frenkel high-field effect was observed at electrical fields of about 10 3 -10 4 V/cm; then the lowering factor of the potential barrier, the high frequency dielectric constant, and the refractive index of these glasses were determined.
Introduction
Electrical-conductive glasses containing transition metal oxides (TMO) [1] [2] [3] [4] [5] [6] [7] [8] [9] have been widely studied for their electrical properties. The Pool-Frenkel effect, switching phenomena, or negative resistance have been reported from the application of a strong electric field on semiconducting oxide and chalcogenide glasses such as TeO 2 [11] , etc. In our recent works [1, 4] , we have studied the low field dc conductivity of 40TeO 2 -(60-)V 2 O 5 − MoO 3 at low and high temper-ature (resulting in the small-polaron hopping conduction mechanism above room temperature). We have also determined the high-frequency dielectric constant of 40TeO 2 (press-melt quenching method), where the blocks were kept at room temperature. All of the bulk samples obtained were annealed at 473 K for 2 hours to eliminate the mechanical stresses resulting from the quenching [12, 13] and then polished carefully. The characterization of the glass samples was performed by x-ray diffraction (XRD) studies using a SEIFERT analyzer (Cu K α radiation, model 3003). For electrical measurements, gold and aluminum electrodes were deposited on one face of the samples by the vacuum thermal evaporation technique (MSTP,H.H.V, model 12). Using a high-voltage power supply (ORTEC 456, 0-3 kV, USA), current and potential difference between electrodes were measured by a Keithly 610C electrometer (USA) and a Metrix VX102A microvoltmeter (France) respectively, in a cryogenic Janis-CCS 450 (USA) system in the temperature range 298-418 K. The temperature was measured with an accuracy of ±0.5 K. For each sample, the I-V characteristic was measured to verify the ohmic properties of the contacts; in other words, ohmic behavior was ascertained from the linearity of I-V curves at a low electric field. All electrical measurements were carried out by the pulse method to prevent the effect of Joule heating [4, 5, 11] . Electrode configuration is shown in Fig. 1 . 
Results and discussion

X-ray characterization
XRD characterizations were carried out on the samples, which showed the characteristic diffraction patterns of amorphous materials with no evident crystal structure (Fig. 2) . 
Electrical behavior
As mentioned in the Introduction, many of the chalcogenide and oxide glasses can switch electrically at a threshold voltage from a high to low-resistance state or in reverse. This mechanism is known as switching and occurred at high electric field. They may also show negative resistance, as shown in Fig. 3 for the present glasses [11] . In other words, the I − V curve initially is ohmic and at high fields becomes nonohmic. We want to use the data between the onset voltage of nonohmic behavior and the threshold voltage to determine the high-frequency dielectric constant and refractive index of the glasses studied here. Electrical fields in the range 1-100 kV/cm and fields ≥ 100 kV/cm are high fields and ultra-high fields, respectively [14] . Typical current-voltage curves of the samples are shown in Fig. 3 . 
Curves of T ln(I) versus E 1/2
were plotted at different temperatures for different samples in Fig. 4 . These figures show linear behavior at fields exceeding (10 3 -10 4 ) V/cm as a bulk effect, based upon the Pool-Frenkel effect. (Eand Iare electric field and electric current, respectively.) Generally, the high-field effect in oxide glasses is known to be caused by a reduction of the potential barrier (PoolFrenkel effect), and probably is due to small-polaron hopping conduction [15, 16] . The potential barrier for smallpolaron hopping may be reduced by a strong field, as schematically shown in Fig. 5 . When an electric field Eis applied, the maximum of the potential barrier is lowered from Φ to Φ (see Fig. 5 ). We suppose that the material contains neutral impurity centers so that the potential energy of an electron or hole at distance from these centers Figure 4 . Pool-Frenkel effect using Al electrodes for a) 70P
in the direction of electric field E is reduced relative to the state where electric field is absent, namely
The maximum of the potential barrier occurs at = β PF /(2E 1/2 ), where β PF =(e/πk) 1/2 , = εε . β PF , ε, and ε are the lowering factor, high-frequency dielectric constant, and vacuum dielectric constant, respectively. Therefore, the probability of the thermal hopping P and current I become [4, 5, [15] [16] [17] :
An almost linear relation is obtained when the electric field is about (10 3 -10 4 ) V/cm. As temperature increases for each sample, the field strength required for the onset of non-ohmic behavior is reduced due to increasing conduction with an increase in temperature (see Fig. 3 ). Therefore, we can state that the Pool-Frenkel effect is thermal excitation caused by an electric field [16] . Figure 5 . Reduction of the potential barrier in the Pool-Frenkel effect [16] .
Comparing the I − V curves of each sample (Fig. 3) at different temperatures, one can conclude that the present samples have a semiconducting nature (decreasing resistance with increasing temperature).
Based on the results of the measurements presented in Fig. 4 , one can determine the lowering factor β PF , high-frequency dielectric constant ε, and refractive index of these glasses using the slope of the linear part of the T ln(I) vs. [4] . Figure 6 . Pool-Frenkel effect using Au electrodes for a) 70P
In order to justify the validity of the Pool-Frenkel effect in contrast to the Richardson-Schottky effect at the electrodes (contacts), we repeated the experiments with gold electrodes instead of aluminum electrodes (see Fig. 5 ). Although the ohmic behavior of the contacts justifies invoking the Pool-Frenkel effect, one gets almost the same values of ε and for each sample with different electrode materials, as seen in Figs. 4(a) 2 O. Thus, the bulk effect known as the Pool-Frenkel effect is the dominant effect of strong electric fields for the glasses studied here. We will investigate the weak electric-field dc conductivity of these glasses in the future, as has been studied for TeO 2 -V 2 O 5 -MoO 3 [1] .
